Biomechanical properties of cells play a very important role in regulating cells function. Experimental studies found that when Leukocytes move near the vessel wall, the phenomena such as rolling, jumping and adhesion will appear. Based on the non-linear fluid-structure interaction theory, leukocyte's tiny jumping mechanism and rolling phenomenon were studied. The results were: 1) The choice of time step of leukocyte had a great influence on the movement of leukocyte. Instead of landing on the bottom of flow chamber, leukocyte jumped to a certain height and then moved periodically toward the bottom of the flow chamber again. Leukocyte had the biggest deformation when jumping; 2) Adhesion and rolling along the bottom of the flow chamber appeared in the process of moving forward, the scrolling speed was greater than that of pure rolling. Leukocytes' movement in blood vessels was closely related with body physiological and pathological characteristics. The study of dynamic movement of leukocyte provided theoretical basis for clinical medicine.
Introduction
Leukocyte, also named as immune cells, is spherical. It deforms easily and charged with a lot of responsibilities. Besides swallowing foreign body, it has immunity to disease resistance. In recent years, Leukocyte's movement under shear flow is popular. More and more schoolars focus on the transmission mechanism.
Early studies have achieved many useful results in the field of cell movement and deformation. Goldsmith et al. [1] discovered that near the vessel wall leukocyte's adhesion and jumping phenomena will appear. In 2000, T. Yamaguchi et al. [2] simulated the movement of cells using three-dimensional computational fluid dynamics. The cell model can be adopted by the random rotation, deformation, the migration and proliferation. The cell configuration changes fluid calculation based on infinitesimal. K. C. Chang et al. [3] pointed out that there are three kinds of cell adhesion: firm adhesive, transient adhesive (rolling) and no adhesive. They also found that the unstressed dissociation rate and the bond interaction length are the most important molecular properties to control the dynamics of adhesion. In 2003, M. J. Slattery and C. Dong [4] studied human melanoma cell adhesion and migration in response to stimulation by soluble collagen IV using a modified Boyden chamber. The study of N. A. N'Dri et al. [5] showed that cell rheological properties have significant effects on the adhesion process contrary to what has been hypothesized in most literature. S. Liang et al. [6] provided a rationale and mechanistic basis for understanding of leukocyte-tumor cell interactions under flow conditions during tumor cell extravasation and metastasis. Based on the limited blood flow dynamoics, A. Sequeira et al. [7] adopted the lattice Boltzmann model to study the dynamic change of white blood cells within micro-vessels, which showed that the movement greatly depended on the white blood cell velocity and endothelial wall attraction. In 2010, the lattice Boltzmann method combined with the immersed boundary method to simulate red blood cell movement in microvessel was presented [8] . In previous studies, cells are always assumed to be rigid and solid deformation was not considered. In this study, we analyzed the movement of a single leukocyte in the flow chamber through nu-merical simulation of fluid-structure interaction method.
Materials and Methods

Equations
The fluid-structure interaction analysis is based on the governing equations of hydrodynamics, governing equations of solid mechanics and the coupling equation.
The governing equation for the fluid domain is Mass conservation equation and momentum conservation equation, which were listed as following
where t is time, f f is the body force vector, f  is the density of fluid, v is the fluid velocity vector, f  is the shear stress tensor, p is the fluid pressure, μ is the dynamic viscosity, e is velocity stress tensor
The governing equation for the solid domain is derived from Newton's second law The variable such as stress  , displacement d, heat flow q, temperature T of fluid-structure interaction interface should satisfy the following four equations
Calculation Model
In the real situation, the rectangular cell culture chamber was length 200 μm, width 100 μm, height 50 μm and the cell diameter was 6 μm. In order to improve the calculation accuracy, 1000 times increased rectangular cell culture chamber was adopted based on the similarity princeple. Then the calculating chamber was length 200 mm, width 100 mm, height 50 mm and the cell diameter was 6 mm. The left was set for fluid inlet, right for outlet. The symmetric boundary conditions were taken in the width direction. In the flow chamber, the distance of leukocyte from the bottom and the inlet was 8.3 mm and 50 mm (Figure 1 ). In the homogeneous incompressible fluid flow, the acceleration of gravity in the physical model was 9.8 m/s 2 . The modulus of elasticity and Poisson's ratio of the leukocyte were 10,000 Pa and 0.3. Other parameters estimation in the models was listed in Table 1 .
Method
The dynamic movement of leukocyte was studied through numerical simulation of fluid-structure interacttion method with FLUENT and ANSYS. The implicit solution model was used and the flow field was based on pressure. Speed inlet flow boundary conditions for the inlet and the free export for the outlet. The Reynolds number was 1.9 so that the flow was laminar. The reference pressure was set to standard atmospheric pressure. The calculation adopted SIMPLEC algorithm and second-order upwind scheme. FLUENT calculated the steady state first. Movement and deformation unsteady calculations followed the steady-state calculations.
Data transferred between FLUENT and ANSYS though the UDF (User Defined Function) procedures on fluid-solid nonlinear coupled interface. At each time step, force and moment of leukocyte in the fluid was calculated first. According to the force and moment calculated in FLUENT, the movement was analyzed by UDF motion analysis program. Then analyzed the deformation based on its force by ANSYS. Leukocyte's deformation will return to FLUENT and continue the movement calculation, so repeated iterations.
In order to verify the accuracy of the model and method, the blood was changed to air. The ball fell free with an initial velocity of 6.67e−3m/s in x-direction. Since the force on y-direction was too small compared with other directions, we ignored the result of y direction flow chamber inlet outlet leukocyte 
Results
Movement of Leukocyte
Time step 5e−4s, 6e−4s and 7e−4s conditions were adopted for calculation. In Figure 2 , we can clearly saw the leukocyte bounce trajectory. Figure 2(a) was the increase of x-direction movement. It showed that leukocyte was always moves forward in the direction of blood flow. The x-displacement had a sudden change at every jumping time. After 1.25 second of movement, the leukocyte moved a distance of 3.39e−3m (5e-4 s), 4.02e− 3m (6e−4s) and 5.60e−3 m (7e−4s), with the maximum difference of 2.21e−3m, 1.1% of the total chamber length. The greater the time step, the farther the leukocyte moved in x direction. Leukocyte moved forward in y-direction at first, followed with moving to the negative y-direction after its first jump. The y-displacement was one order of magnitude less than the other two directions. The results of three kinds of time step calculation were quite different. After 1.25 second of movement, the leukocyte moved a distance of 2.05e−5m (5e−4s), −3.91e−4m (6e−4s) and −1.88e−3 m (7e−4s). The result of time step 7e−4s was almost ten times more than time step 5e−4s and 6e−4s.
Different time steps had little effect in the process of dropping, but the leukocyte bounce time and height differs. Leukocyte dropped from the initial position to the bottom of flow chamber under the influence of gravity where the distance from the initial position to the blood vessel wall is 5.3e−3m. Z-direction movement was more regular than x-direction and y-direction. Leukocyte bounced at position 4.36e−4m instead of landing on the blood vessel wall, with jumping height of 1.69e−3m (5e− 4s). After that, leukocyte began to decline to the near vascular wall and then bounce again periodically. The results of other time step were similarity. In 1.25 second of movement, leukocyte bounced six times for time step 5e−4s, five times for time step 6e−4s and te−4s. The time and distance from bottom while leukocyte jumping were shown in Table 2 . The average value and variance of leukocyte bounce cycle was shown in Table 3 . Clearly, the Jumping cycle time of time step 6e−4s was the biggest and most stable. However, the height in jumping of time step 7e−4s was becoming bigger and bigger with the increase in number of hitting. Table 4 showed the leukocyte jump height in each cycle. onstrated oscillatory changes when leukocyte jumping and value increased first and then decreased. Amplitude was uniform when time step was 5e−4s and 6e−4s and increased when time step was 7e−4s. The maximum and the minimum velocity in z-direction were shown in Table 5. The time when velocity reached maximum was corresponding with the jumping time. Graphical display of local enlargement was shown in Figure 3 . Oscillate occurred in different times since difference beating time. The fastest growth and reduce rate was the velocity of time step 5e−4s, followed by time step 6e−4s and the last one was time step 7e−4s. The forces acting on the leukocyte were changed correspondingly. The dynamics of motion of a single leukocyte due to gravity in flow chamber with fixed time step 5e−5s was shown in Figure 5 . The initial position of leukocyte movement was seen as zero point in all three directions. Leukocyte jumped at 0.537 second with a distance of 4.7e−5m from the bottom of flow chamber. However, leukocyte dropped to the vessel wall once again and remained stable in the z direction with a distance of 6.7e− 5m from the bottom of flow chamber. Leukocyte moved 5.1e−4m in x-direction in the stable period. Assuming it as pure rolling, the corresponding rotation was 0.17 rad w but actually the leukocyte rotated 0.23 rad. Since then the actual angular velocity was faster than pure rolling.
Discussion
Leukocyte moved to the bottom of the blood vessels due to gravity. Jumping at a certain distance from the vessel wall appeared with characteristics of cyclical movement instead of directly heating the wall. When leukocyte rises W. J. LI 697 to a certain height, it descends to the bottom and jumps again. The velocity showing oscillatory changes when leukocyte jumping and the forces acting on the leukocyte were also changed correspondingly. The choice of time step of leukocyte had a great influence on the movement of leukocyte. Adhesion in the vicinity of the vessel wall was another significant phenomenon. Since the shear flow was in flow chamber, velocity of leukocyte was greater than the pure rolling.
